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INTRODUCTION
This paper pertains to the field of nuclear magnetic resonance (NMR) spectroscopic tech-
niques and their applications in real-time chemical analysis.
One of the biggest disadvantages of low-field NMR spectrometers is the high fluctuation of
their magnetic fields. If the magnets are small (about the size of a portable device), the
intensity of the external magnetic field and its direction may be adversely affected. Even
turning a 1.5 T NMR spectrometer to an angle about 6o degrees perpendicular to the earth’s
magnetic force lines will ruin the measurements, and the device will have to be recalibrated.
Even a slight movement of the table on which a currently available spectrometer is placed
may disturb the spectra significantly [1]. Another related difficulty is that currently available
spectrometers usually require high temperature stability (of the order of 0.01oC), which is
incompatible with chemical production equipment and in-situ measurements in chemical
reactions [2, 3].
There is well-known and widely used approach that improve the sensitivity of NMR mea-
surements, i.e., multi-nuclear and multi-dimensional spectra acquisition [4, 5].
The acquisition of multi-nuclear spectra usually requires one receiver coil for each type of
nuclei [1], and this fact also makes currently available NMR spectrometers incompatible with
smaller, portable devices.
Hence, prospective inventors of a portable NMR spectrometer for industrial environments
must overcome the following problems:
• construct a signal acquisition scheme that is stable despite the fluctuations of the
permanent magnetic field;
• construct a signal acquisition scheme that is stable despite the fluctuations of the signal
generator or that can work without a signal generator; and
• use NMR to detect all (or most) visible, non-zero-spin isotopes that exist in the inves-
tigated area.
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ELEGANT NMR
Enhanced multi-nucLEar Generation, Acquisition, and Numerical Treatment of Nuclear
Magnetic Resonance spectra (ELEGANT NMR) is a processing method constructed ac-
cording to the following scheme.
Consider FIG. 1: One or several wide-band coils and/or optical detectors S.2 receive very
weak signals that are usually amplified by one or more sequential amplifiers S.3. The signals
are abbreviated as fl(t), l = 1, . . . , L, where L is the total count of input signals and t is
the time domain variable of the measurements. Based on a priori information about the
magnets and non-zero-spin isotopes in use, one or several frequency generators S.5 and
their signals, delayed on 1/4 period, are used. Signals from said frequency generators are
abbreviated as vn(t), n = 1, . . . , N , so that vn(t) is a complex function whose real part
refers to the signal and whose imaginary part refers to the delayed signal from the same
generator.
All fl(t), l = 1, . . . , L signals are forwarded pairwise with vn = 1, . . . , N to the mixer block
S.6, so that each pair is comprised of one f and one s signal. The resulting signals from
each mixer are forwarded over a low-pass filter S.1 and abbreviated as uln(t), where l is the
index of the input NMR coil and n is the index of the frequency generator.
This method is nowadays well-known and used in many NMR devices; however, the following
key differences to prior-art methods are suggested:
• all generators vn(t), n = 1, . . . , N are fully correlated to each other, i.e. at any time
the frequencies of all generated signals have fixed ratios to one another;
• at least two repetitions of data acquisition should be performed;
• all NMR input coils perform measurements of the same substance/mixture;
• at least one non-zero-spin isotope with a priori known spectra and concentration
should be either:
– situated in the measured substance, or
– incorporated as the reference unit inside one or several input coils, or
– incorporated in the walls of the measuring NMR camera.
Consider that the j-th index in ulnj(t), j = 1, . . . , J refers to the number of experiments that
are collected in different time-slots as is demonstrated in FIG. 2, taking into the account
that ulnj(t) ∈ C is a complex function by construction.
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Consider that qln(t) is the a priori known spectrum for a particular input coil and a particular
non-zero-spin isotope. In the case that no reference isotope is present in one or several input
coils, the corresponding function qln(t) is equal to zero.
Since all vn(t) are fully correlated to each other, magnetic field fluctuations and resonator
fluctuations add to each other; this may be further represented as the fluctuation function
1 + σj(t), where |σj(t)| << 1. By construction, σj(t) differs along the j-th index, since
fluctuations of both the magnetic field and the resonator are random.
Hence, the reconstruction of the pure spectrum pn(t) of the measured mixture is performed
by the minimization:
min
pn(t),ǫj(t)
N∑
n=1
L∑
l=1
J∑
j=1
||ulnj(t)− (pn(t) + qln(t))ǫj(t)||
2
2, (1)
where ǫj(t) = e
ıWnσj(t). The corresponding algorithm that performs this reconstruction is
described in Appendix of this paper.
There are situations when some entries of ulnj(t) may be missing, for example due to opti-
mization of component count. In these cases, the minimization problem may be solved with
a sparse multi-dimensional approximation according to the algorithms on [7].
Every signal in f , v, and u in the described method may be analog or digital. At any point
between the blocks S.1-S.3, S.5-S.9, one or several analog to digital converters (ADCs)
and/or one or several digital to analog converters (DACs) can be incorporated to convert
between signal types. Any of the blocks S.5-S.8, can be implemented through analog and/or
digital means. In each particular case, the use of digital, analog, or a mix of digital and analog
signals is dependent upon component counts, costs, accuracy, average signal frequency, and
many other factors.
|uln(t)| on the output of S.1 at FIG. 1 refers to |pln(t)| and is weakly dependent on fluctua-
tions in the permanent magnetic field and oscillator, is generated with several microsecond
delays after the initial signal appeared, so all real-time methods that require only |pln(t)|
may be used.
Compact and portable in-situ NMR spectrometers (FIG. 3) which can be dipped in the
liquid to be measured, and are easily maintained, with affordable coil constructions (FIG.
5), together with an apparatus to recover depleted magnets (FIG. 4) are presented, that
provide a new real-time processing method for NMR spectrum acquisition, that remains
stable despite magnetic field fluctuations.
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FIGURES
FIG. 1: A processing method to convert wide-band NMR signals.
FIG. 2: A processing method to convert a set of continuously measured experiments deliv-
ering ulnj(t) from one set of NMR receivers by collecting several measurements and solving
a minimization (1) using computational unit S.9.
S.1 Low-pass filter block that is used in parallel with all passed signals.
S.2 Receiver coil.
S.3 One or more sequentially-connected amplifiers.
S.4 A marker — a substance/mixture containing at least one non-zero-spin isotope with a
priori known spectra and concentration — which is either:
• situated in the measured substance, or
• incorporated as the reference unit inside coils S.2, or
• incorporated in the walls of the measuring NMR camera.
S.5 One or several frequency generators and their signals, delayed on 1/4 period. Each
frequency generator has fixed ratio (an/bn) to the main frequency generator.
S.6 A set of mixer pairs with each mixer pair receiving a pair of signals
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(fl(t),Re(vn(t))) or (fl(t), Im(vn(t))) and delivering their products.
S.7 A processing block that incorporates the method described at FIG. 3.
S.8 A block that continuously supplies pipeline data ulnj(t), l = 1, . . . , L, n = 1, . . . , N from
S.7 into local storage and delivers it to processing block S.9.
S.9 A processing block that solves minimization problem (1).
FIG. 3: ELEGANT NMR spectrometer embodiment for in-situ measurements, where FIG.
3A refers to the complete assembly, FIG. 3B refers to the component containing the electron-
ics, FIG. 3C refers to the sensor block for performing measurements in a liquid flow, FIG. 3D
refers to the sensor block when dipped in liquid to be measured, and FIG. 3E demonstrates
how the dipped sensor may be constructed to be suitable for standard ground glass joints.
A.1 Data and power supply connector.
A.2 Thermostat connectors: cooling/heating water/liquid/gas is dispersed over these con-
nectors to control the temperature of the electronics inside the device.
A.3 PCB assembly with transmitter and receiver electronics, in case if thermostat connection
is used, PCBs should be coated with appropriate materials to prevent PCB’s damage by
water/liquid/gas thermostatting.
A.4 Area inside the ELEGANT NMR spectrometer with constant temperature controlled
by water/liquid/gas thermostatting.
A.5 Main case of the device for the electronics A.3.
A.6 Plugs that connect the coils A.12 to the electronics A.3.
A.7 Screw threads to screw the block with magnets A.10 to the block with electronics A.5.
A.8 Gasket for hermetic connection.
A.9 Permanent magnet(s).
A.10 The case for the block with magnets.
A.11 Wires to connect plug(s) A.6 with coil(s) A.12.
A.12 Receiver and transmitter coils assembly, one embodiment of coils assembly described
in FIG. 5.
A.13 Flow connectors. One can connect tubes to perform measurements in flow. In the case
of the solid-state and NMR tube detector embodiment being used, said connectors should
allow an external tube to be placed inside the measurement area and associated coils.
A.14 Ground glass joint.
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FIG. 4: An apparatus for magnet recovery in in-situ NMR spectrometers.
M.1 Direction to place in-situ NMR spectrometer.
M.2 A hole into which the in-situ NMR spectrometer should be installed.
M.3 Upper side of a device that prevents the coil M.4 from moving up.
M.4 The coil for generation of a permanent magnetic field. It consists of a foil of good
conducted metal, preferably copper, with thin conductive resistant coverage. The total
amount of winding in this coil should be sufficient to generate a permanent magnetic field
at least the same as the magnetic field that delivers magnets to in-situ NMR spectrometers.
Construction of the coil may be accomplished with one coil or several sections of coils so
that the next section is connected to the previous section, all coils should have winding in
the same direction. If two sections are used, the end of the bottom section is situated inside
the coil and is connected to the beginning of the top section, which is situated inside the
top section. Hence, two sections of coil assembly have both connections situated on outside
components. This coil should be connected over an electronic or mechanical switch to one
or several capacitors, and/or super-capacitors, and/or batteries, and/or power supply units
connected in parallel, which should be capable of delivering enough current so that the coil is
able to reach the permanent magnetic field to recover depleted magnets in the in-situ NMR
spectrometer.
M.5 A supporting block at the bottom of the hole M.2, on which the in-situ NMR spec-
trometer is situated during the recovery procedure. The height of this block should be chosen
to ensure that the maximal magnetic field area from the coil M.4 is equal to the placement
of permanent magnets in the in-situ NMR spectrometer.
M.6 Mechanical joints between M.3 and M.7 that are strong enough to sustain the force
between permanent magnets in the in-situ NMR spectrometer and the coil M.4.
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M.7 Bottom side of the assembly to prevent the in-situ NMR spectrometer from descending
during magnetization.
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FIG. 5. Six coils situated on the edges of parallelepiped (three-dimensional figure formed
by six parallelograms). The total number of turns for each coil may be two or more. The
numbers of turns on coils within each subset {1, 2, 3, 4} and {5, 6} are equal, i.e. coils {1, 2,
3, 4} must be the same and coils {5, 6} must be the sabe also, but coils {1, 2, 3, 4} can differ
from coils {5, 6}. The optimal number of turns in each subset depends on the dimensions
of the device, the magnetic field’s strength, and the electronics used. Depending on the
embodiment, each coil subset may be comprised of transmitting and/or receiving coils.
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APPENDIX: MINIMIZATION ALGORITHM
The minimization function in the problem (1) is independent on the t variable, hence it is
sufficient to solve:
min
x,y
J∑
j=1
||Aj − y(qj + x)
∗||22,
where
• x ∈ CN and y ∈ CI are unknowns that refer to pn(t) and ǫj(t),
• Aj ∈ C
I×N = {ainj} refers to to ulnj,
• qj ∈ C
N refers to qln,
for each given t. The following objects should be computed step-by-step:
P =
J∑
j=1
Aj ,
then compute the SVD [6] of P = UDV ∗, U ∈ CI×R, U∗U = I, V ∈ CN×R, V ∗V =
I, D = diag(d),∈ RR×R d = (d1, . . . , dR)
T , d1 ≥ · · · ≥ dR, R = min(I, N) and afterwards
compute
a =
J∑
j=1
||qj||
2
2, b = V
∗
J∑
j=1
qj = (b1, . . . , bR)
T , c = U∗
J∑
j=1
Ajqj = (c1, . . . , cR)
T .
Find by the bisection method a root of
Ja− ||b||22 =
∑
r
|Jcr − brdr|
2
γJ − d2r
by the γ variable in an open interval γ > d21/J with upper bound taken as the computer
precision and compute
∀r = 1, . . . , R : zr =
γbr − drcr
d2r − Jγ
, x = V z, y = γ||Dz + c||22(Px+ Uc).
There are many special cases, for example if one or several isotopes are missing in the
investigated substances. In the case where only 2 input coils are considered (J = 2) and the
first coil reads reference spectra only, the solution reads as:
y = A1q1/||q1||
2
2, x =
||q1||
2
2
||A1q1||22
A∗2A1q1 − q2.
Additionally, in the case of one or several entries in Aj arrays being missing, the sparse
multi-dimensional decomposition algorithm described in the chapter “sparse three-way de-
composition” of [7] should be used.
